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The search for new states of matter is a fundamental theme of condensed-
matter science. Frustrated magnetic materials are promising candidates for
new states because lattice geometry suppresses conventional magnetic dipole
order, potentially allowing non-dipole (“hidden”) order to emerge in its place.
An image of a hidden-order state at the atomic scale has long been sought,
but has proved difficult to obtain because microscopic probes are not directly
sensitive to hidden order. Here, we develop an atomic-scale image of the spin-
liquid state in the canonical frustrated magnet Gd3Ga5O12. We further show
that this state exhibits a hidden order which has three remarkable properties.
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First, it is an emergent phenomenon, in which multipoles are formed from ten-
spin loops. Second, it is long-range, with a diverging correlation length. Third,
it is a consequence of the interplay between antiferromagnetic spin correla-
tions and local magnetic anisotropy, which allows it to be indirectly observed
in neutron-scattering experiments.
When a material undergoes a transition to an ordered state, its physical properties change.
One of the greatest triumphs of twentieth-century physics was to explain these macroscopic
changes in terms of the microscopic ordering of atoms and magnetic dipole moments (spins).
A canonical example is antiferromagnetic order, which remained hidden until the development
of neutron-scattering experiments in the 1940s (1). Today, a similar situation exists in “hidden
order” materials, where the order is likely to be non-dipolar and therefore cannot be directly
probed by our current experimental techniques (see, e.g., (2–4)). Hidden-order states are fas-
cinating because they are qualitatively new states of matter. Exotic examples such as quantum
spin nematics, chiral spin ices, and multipolar spin-orbital order have been theoretically pro-
posed (5–7). Experimentally, the hidden-order challenge is twofold. First, we wish to discover
new hidden-order materials beyond the canonical example of URu2Si2 (2, 8). Second, we re-
quire an atomic-scale image of a hidden-order state which takes full advantage of the indirect
sensitivity afforded by modern experimental techniques.
Frustrated magnetic materials are promising candidates for the discovery of new hidden-
order states (9). In frustrated systems, the lattice geometry suppresses conventional (long-range)
spin order and a “spin liquid” phase may exist instead (10). Crucially, the strong spin correla-
tions in spin-liquid states can lead to spin clusters behaving as a single object. This leads to the
prospect that a property of spin clusters may show non-dipolar long-range order, even though
individual spins remain in a liquid-like state (11). The experimental signature of a potential hid-
den order state is an anomaly in thermodynamic measurements which is not accompanied by a
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transition to long-range or frozen spin order (indicated, e.g., by the development of magnetic
Bragg peaks in neutron-diffraction experiments) (2). This anomaly may be either sharp, as in a
conventional second-order phase transition, or broad, as for the transition from the paramagnetic
phase to the “Coulomb phase” in spin-ice materials (12).
The well-studied frustrated magnet Gd3Ga5O12 (gadolinium gallium garnet, GGG) exhibits
thermodynamic anomalies of the second type. In GGG, a spin-liquid state is observed at tem-
peratures above a spin-glass transition at Tg ≈ 0.14 K (13). Evidence for a conventional spin
liquid in GGG is the suppression of Tg to temperatures far below the antiferromagnetic inter-
action strength of ∼2 K (14–16), the observation of liquid-like magnetic diffuse scattering in
powder neutron-scattering measurements (17), and the persistence of strong spin fluctuations to
low temperature (18–20). Yet, broad anomalies are present in both the non-linear susceptibility
χ3 and the magnetic specific heat at around 0.5 K, which do not yet have a well-understood
microscopic origin (13,21).
The crystal structure of GGG is shown in Fig. 1(a). The unit cell is cubic and contains 24
equivalent magnetic Gd3+ ions (S = 7/2, L = 0). The Gd3+ ions form two interpenetrating
networks of opposite chirality, each of which describes a three-dimensional arrangement of
corner-sharing triangles known as hyperkagome. The local environment of the Gd3+ ions is
shown in Fig. 1(b), where local axes x,y, z are defined by the three two-fold rotational axes of
point symmetry. Of particular importance in the GGG structure are the ten-spin loops shown
in blue in Fig. 1(b), which are the shortest path connecting a Gd3+ ion back to itself beyond
individual triangles. Each Gd3+ also sits in the middle of exactly one loop; hence loop and atom
share the same point symmetry and the local axes defined for atoms apply equally to loops. In a
simple model which considers only nearest-neighbour antiferromagnetic interactions, collective
rotations of the loop spins allow the system to move at no energy cost between its degenerate
ground states (22). We therefore anticipate that the ten-spin loops should play a key role in any
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emergent behaviour present in the spin-liquid state.
We performed single-crystal neutron-scattering measurements on GGG in order to probe
the spin-liquid state. These measurements are challenging because of the very large neutron ab-
sorption cross-section of natural Gd, and a high-energy incident neutron beam was used to mit-
igate against this problem (see Materials and Methods). The left-hand panels of Fig. 2(a) show
single-crystal neutron-scattering data at T = 0.175 K. In order to model these highly-structured
magnetic diffuse-scattering data, we use the reverse Monte Carlo method (23, 24) to perform
quantitative refinement to magnetic diffuse-scattering data from Ref. (17), which were collected
on a powder sample (see Materials and Methods). The RMC method has two important proper-
ties: it generates an atomic-scale model from which arbitrary (non-dipolar) correlation functions
can be calculated, and it does not introduce a predetermined set of magnetic interactions which
could bias the results (25). Excellent agreement between the RMC fit and the powder data is
achieved at T = 0.175 K [Fig. 2(b)]. Calculations of the single-crystal scattering from the re-
fined RMC model show close qualitative agreement with the experimental single-crystal data,
which provides evidence for the validity of the RMC model [Fig. 2(a), right panels]. Consis-
tent with Mo¨ssbauer measurements (26), we obtain a strongly anisotropic distribution of spin
orientations with spins preferentially oriented within their local xy planes [Fig. 2(b), inset].
Our RMC refinements do not determine the microscopic origin of this xy anisotropy. How-
ever, additional simulations of the state-of-the-art spin Hamiltonian for GGG (15, 16) showed
that the magnetic dipolar interaction (which couples spin and space degrees of freedom) gen-
erates the same xy anisotropy (see SI). The sensitivity of the powder-averaged data to local
spin anisotropy was confirmed by showing that an isotropic model does not fit the data suc-
cessfully [green line in Fig. 2(b)]. Consistent with simulations (27), the radial spin correlation
function 〈S(0) · S(r)〉 reveals a rapid decay of spin correlations with an exponential correla-
tion length ξ = 4.951(2) A˚ (similar to the nearest-neighbour distance rnn = 3.78 A˚) and a
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nearest-neighbour spin correlation coefficient 〈S(0) · S(rnn)〉 close to −0.5 [Fig. 2(c)]. The
temperature-dependence of ξ was obtained from fits to powder diffuse scattering data at higher
temperatures (see SI) and shows a gradual decrease with increasing temperature [Fig. 2(c), in-
set]. Based on this analysis, we conclude that the spin anisotropy and short-range dipole order
of our model are consistent with expectations.
To look for exotic behaviour beyond dipole order, we consider the ten-ion loops which are
shown in Fig. 3(a). Adjacent spins in a loop are nearest neighbours and are therefore antiferro-
magnetically correlated. Surprisingly, inspection of spin configurations suggested that signifi-
cant antiferromagnetic alignment persists beyond nearest neighbours and throughout the loop,
a result obscured by the radial average in Fig. 2(c). To quantify this correlation, we calculate
the average spin alignment axis of each loop,
L(r) =
1
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∑
n
cos(npi)Sn(r), (1)
where r is the position of the centre of the loop and Sn are unit-length spins within the loop
(n ∈ {1, ..., 10}). We refer to L(r) as the “ten-spin director” to emphasise that L does not trans-
form as a vector, because the two-fold symmetry symmetry of the Gd3+ site requires that both
L(r) and −L(r) identify the same alignment axis (our use of the director here mirrors the de-
scription of nematic liquid crystals (28)). The average magnitude 〈|L(r)|〉 = 0.49 with standard
deviation 0.18, which shows that antiferromagnetic correlation is strong within each loop and
relatively consistent between different loops. The cyclic arrangement of ten antiferromagnetic
spins in a ring describes a multipole of order 6, which contains 5 nodal planes orthogonal to
the plane of the loop and a single nodal plane coincident with it [Fig. 3(a)]. Viewed in these
terms, the normalised ten-spin director Lˆ = L/|L| describes the multipole orientation associ-
ated with a given ten-ion loop. Fig. 3(b) shows our key result: the distribution of normalised
ten-spin directors is strongly peaked along the local z axis. This result is remarkable because
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it shows that the fluctuations of the ten spins in a loop select a single axis on average, so the
rotational degree of freedom possessed by xy-like spins is lost in the loop directors. Hence the
ten-spin directors have no ground-state degrees of freedom, and are ordered, with excitations
normal to the local z axis [Fig. 3(b)]. Moreover, since the ten-spin directors describe multipole
orientations, the order is multipolar. The unit cell of this magnetic multipole crystal is shown
in Fig. 3(c). The multipole order preserves the symmetry of the crystal structure but is not re-
quired by this symmetry, which only constrains the distribution of ten-spin directors to preserve
the three two-fold rotation axes. Fig. 3(d) shows the axial correlation function of the normalised
ten-spin directors,
gL(r) = 2
〈
|Lˆ(0) · Lˆ(r)|
〉
− 1, (2)
which is equal to−1 if, on average, loop directors separated by distance r are normal and to +1
if they are collinear. The correlation length of this function diverges within the statistical error
of our refinements (see SI), as is to be expected from the axial distribution of ten-spin directors
in Fig. 3(b). Analogous to a non-collinear antiferromagnet, the non-collinearity of local z axes
for different loops leads to gL(r) taking several values, but does not affect the divergence of the
correlation length.
How is our analysis sensitive to non-dipolar order, given that neutron scattering is a dipolar
probe? To answer this question we note that neutron scattering is directly sensitive to two quan-
tities: the spin anisotropy and the spin-pair correlations (29). If an interplay of both quantities
generates hidden order, neutron scattering may be indirectly sensitive to the hidden order itself.
We performed Monte Carlo simulations which show that this is the case for GGG: long-range
multipole order is present when both xy anisotropy and antiferromagnetic interactions are in-
cluded, but is absent for either (i) isotropic antiferromagnetic interactions or (ii) noninteracting
spins with xy anisotropy (see SI). Hence, hidden order is not a trivial consequence of either xy
anisotropy or antiferromagnetic interactions alone.
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The development of hidden order provides a plausible explanation for observed thermody-
namic anomalies in the spin-liquid state of GGG. We show this by considering a simple model
in which spins are constrained to lie in their local xy planes and are coupled by antiferromag-
netic nearest-neighbour interactions. We do not claim that this xy model accurately represents
the spin Hamiltonian of GGG, but consider it instead because it is the simplest model showing
the hidden-order state. From this model we calculate two quantities: the magnetic specific heat
Cmag, and a limiting multipole correlation gmax, which we determine by fitting a straight line
to gL(r) at the distances where it takes its maximum value for the multipole crystal—i.e., the
distances separating loops which share the same local axes [Fig. 3(d)]. Fig. 3(e) compares the
broad peak in the specific heat and gmax determined from the xy model with the experimental
specific-heat peak and gmax determined from RMC refinement. We make three key observa-
tions. First, a broad specific-heat peak occurs in the xy model and the real material, which both
show hidden order; moreover, this specific-heat peak is absent for models without hidden order
(see SI). Second, there is a large change in gmax over the temperature range where the specific-
heat peak develops, but only a much smaller change in the spin correlation length [Fig. 2(c),
inset]. Third, the temperature evolution of the specific-heat peak correlates with the evolution
of hidden order in a similar way for both xy model and experiment [Fig. 3(e)]. These results
suggest that the broad specific-heat anomaly is a signature of loss of entropy associated with
the developing hidden order.
The hidden-order state of GGG is the only known example of a magnetic multipole crystal
in a spin liquid. This hidden-order state does not break the crystal symmetry and is built from
groups of spins which are individually fluctuating in space and time (18–20); examples of how
spin fluctuations occur consistently with multipolar order are shown in the SI. It is also likely
that the multipolar order will be apparent in larger clusters than the ten-spin loops. Compared
to the canonical example of URu2Si2 (2), the lack of symmetry-breaking in GGG broadens
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the specific-heat anomaly observed as the hidden-order state develops, similar to the transition
to the “Coulomb phase” in spin-ice materials (12). An interesting comparison can be drawn
with frustrated spinels such as MgCr2O4, in which hexagonal spin loops may form strongly-
ordered (“protected”) degrees of freedom but adjacent loops are only weakly correlated (30,
31). The hidden order in GGG represents the opposite limit, in which the loops are long-
range ordered while individual spins show only short-range correlations. The case of GGG
therefore represents a new realisation of hidden order, with fundamentally-different properties
to previous examples. Our results suggest that the atomic-scale refinement approach used here
will prove valuable to unmask hidden-order states in other materials, such as chiral-spin-liquids
in frustrated magnetic materials (11) and spin-nematics in high-temperature superconductors
(32).
Materials and methods. Single-crystal neutron-scattering measurements were performed
using the hot-neutron four-circle diffractometer D9 at the Institut Laue–Langevin. The sample
was a 1× 1× 3 mm3 single crystal of GGG which was grown for the laser industry by Prince-
ton Scientific using the Czochralski method with an Ir crucible under an Ar atmosphere. The
crystal is not isotope-enriched and thus contains a large amount of the highly neutron-absorbing
isotopes 155Gd and 157Gd. An incident neutron wavelength λ = 0.512 A˚ was used to minimise
neutron absorption, which is greatly reduced for λ < 0.6 A˚ (33). As a consequence of the short
λ, regions of reciprocal space for which Q ≤ 0.98 A˚−1 could not be accessed in the experi-
ment. Data were therefore collected over the range 0.98 < Q < 3.77 A˚−1. The sample was
held in a Cu foil pocket, cooled using a dilution fridge, and the neutron-scattering intensity was
measured at T = 10 K and T = 0.175 K. The magnetic scattering intensity was isolated by
taking the difference of these two datasets and the m3¯m diffraction symmetry appropriate for
GGG was applied to the data. Reverse Monte Carlo refinements to powder diffuse-scattering
data from Ref. (17) were performed with a model of size 6 × 6 × 6 crystallographic unit cells
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(5184 spins) using periodic boundary conditions and were initialised from random starting con-
figurations. Calculated quantities were averaged over 20 independent RMC configurations to
minimise statistical noise. Technical details of the RMC refinements are given in SI.
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Fig. 1.
Crystallographic properties of GGG. (a) Crystal structure of GGG, showing only magnetic Gd3+
ions. The two interpenetrating networks of corner-sharing triangles are coloured red and blue.
(b) Local environment of Gd3+ ions. The local axes x,y, z are defined by the three two-fold
axes of point symmetry of the Gd3+ site: x ∈ 〈100〉 and y, z ∈ 1√
2
〈110〉, where z is chosen
to pass through the centres of the two triangles which contain the Gd3+ ion. Each Gd3+ ion is
located at the centre of a loop of ten Gd3+ ions from the other network, where the mean plane
of the loop is perpendicular to the local z axis.
Fig. 2.
Experimental data, fits, and calculations for GGG at T = 0.175 K. (a) Magnetic diffuse scat-
tering in two reciprocal-space planes. The upper image shows the (hk0) plane and the lower
image shows the (hkk) plane. In each image, the left-hand panel shows experimental data
and the right-hand panel shows the calculation from reverse Monte Carlo (RMC) refinements
described in the text. Regions where there are no data are shown in white. (b) RMC fit to pow-
der diffuse-scattering data (from Ref. (17)). Data are shown as black circles, fit as a red line,
and difference (fit–data) as a blue line. The scattering function calculated from the alternative
isotropic model described in the text is shown as a green line. The inset shows a stereographic
projection of the logarithmic probability distribution ln(p) of spin orientations (defined in the
SI), revealing preferential spin alignment in the local xy plane [Fig. 1(b)]. (c) Radial spin cor-
relation function. The bars show spin correlation values and the solid black line shows a fit
to an exponential envelope, ± exp(−r/ξ), where ξ = 4.951(2) A˚. Correlations with positive
(ferromagnetic) values are shown in orange and correlation with negative (antiferromagnetic)
values are shown in green. The inset shows the temperature-dependence of ξ (the solid line is
a guide to the eye). Error bars in (c) are smaller than the line thickness or symbol size in the
plots.
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Fig. 3.
Multipole order in GGG. (a) Relationship between representative spin orientations and ten-spin
director for a ten-spin loop. Antiferromagnetically-correlated spins are coloured alternating
green and orange as the loop is traversed. The multipole formed by the ten spins is shown at the
centre of the loop, and the ten-spin director defined in the text is shown as a red double-headed
arrow. (b) Stereographic projection showing that the logarithmic probability distribution func-
tion ln(p) of normalised ten-spin directors (defined in the SI) is strongly peaked along the local
z axis (shown by the red double-headed arrow in (a)). Fluctuations of the loop director normal
to z are also apparent. (c) Crystal structure showing the unit cell of the magnetic multipole
crystal. Multipoles and ten-spin directors are shown as in (a) and are illustrated for only one
of the two networks for clarity. (d) Axial correlation function of normalised ten-spin directors,
showing the presence of long-range multipole order. Collinear correlations are shown as orange
bars and normal correlations are shown as green bars. (e) Temperature evolution of the broad
peak in the magnetic specific heat ∆C (black symbols) compared with temperature evolution
of the limiting multipole correlation gmax (orange symbols). Solid circles show experimental
specific-heat data (from Ref. (13)) and gmax obtained from RMC refinement to experimental
neutron-scattering data, while open squares show specific heat and gmax calculated for a model
with antiferromagnetic nearest-neighbour interactions and xy anisotropy as described in the
text. The broad specific-heat peak has been isolated by fitting polynomial background func-
tions to the experimental specific-heat data and model calculation (see SI).
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